The present paper presents a study of biomass waste to energy conversion using gasification and internal combustion engine for power generation. The biomass waste analyzed is the most produced on Italian soil, chosen for suitable properties in the gasification process. Good quality syngas with up to 16.1% CO-4.3% CH 4 -23.1% H 2 can be produced. The syngas lower heating value may vary from 1.86 MJ/ Nm 3 to 4.5 MJ/Nm 3 in the gasification with air and from 5.2 MJ/ Nm 3 to 7.5 MJ/Nm 3 in the gasification with steam. The cold gas efficiency may vary from 16% to 41% in the gasification with air and from 37% to 60% in the gasification with steam, depending on the different biomass waste utilized in the process and the different operating conditions. Based on the sensitivity studies carried out in the paper and paying attention to the cold gas efficiency and to the LHV, we have selected the best configuration process for the best syngas composition to feed the internal combustion engine. The influence of syngas fuel properties on the engine is studied through the electrical efficiency and the cogeneration efficiency.
Introduction
Sustainability and environmental issues regarding energy are becoming of more and more concern in this present age, and proper policies can determine the future low-carbon profile of the global system [1, 2] . In Europe, every year, a large quantity of biomass waste is produced. This biomass is mostly vegetable waste from the agri-food chain (pruning of vines, olives, fruit trees, shells, etc.) and from wood [3, 4] .
The reuse of biomass waste is essential for a circular economy and sustainability [5, 6] ; in fact, biomass is considered one of the most important renewable energy sources as it can increase global energy sustainability and reduce greenhouse gas emissions [7, 8] .
There are many technologies by which to convert biomass into energy [9] [10] [11] . The two most important methods of conversion are conversion to power and to biofuel [12] . For the former, one of the most feasible and productive ways is thermochemical conversion [13] . Among the thermochemical processes, gasification is one of the most effective and studied methods to produce energy and fuels from biomass due to its capacity to handle different biomass feedstock [13] [14] [15] [16] . Gasification, through the partial oxidation of the biomass at high temperature in the range of 800-1000 • C [17, 18] , with air, oxygen, and/or steam as a gasifying agent, allows for the production of a final product called
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Biomass Waste
The biomass waste can be classified in four categories: shells (i.e., hazelnuts, walnuts, almonds); pruning (i.e., of olives, vines, hazelnuts), straws (i.e., of wheat, corn, barley); and agro-industrial residues (i.e., exhausted olives). The chemical and physical characteristics of these biomass wastes are shown in Table 1 . Table 1 . Preliminary and definitive biomass waste properties [13] . To select the biomass waste to be used in the gasification process, the first criterion to be considered was the feedstock availability on a significant scale (t/year). Then, the second criterion was the LHV, which has to be high, so biomass waste with a lower humidity is preferable. Another aspect to pay attention to is the density of the biomass waste as it significantly affects the storage and, in a fluidized bed gasifier, should be comparable with that of the bed. The size and shape of the biomass waste are also important, in fact, the waste must be processed to a uniform size or shape to feed into the gasifier to ensure homogeneous and efficient gasification. Chemical composition is another important characteristic that must be considered, especially the content of sulfur, chlorine, and ash [14] .
To sum up, the following characteristics have to be taken into account during the choice of biomass waste for the gasification process:
1.
Availability; 2.
LHV; 3.
Bulk density; 4.
Cutting and shape; 5.
Elemental composition, volatile substances, and ash.
From the research published by Enama [43] , which referred to Italy, we selected the most suitable biomass with the characteristics listed above and report them in Table 2 [18, 44, 45] . Table 3 [44, 46, 47] shows the proximate and ultimate analysis of the various biomass waste types used in this study. For the analysis presented in this paper, we selected four biomass waste sources from Table 2 , each of them belonging to one of the four categories of biomass waste reported in Table 1 . The biomass sources chosen, with consideration of the greatest availability and LHV within the categories, were:
Hazelnut shells, belonging to the shell category; 2.
Olive pruning, belonging to the pruning category; 3.
Olive pomace, belonging to the exhausted oil; and 4.
Wheat, belonging to the straw category.
The diffusion of the biomass waste under examination on Italian soil is reported in Figure 1 . For the analysis presented in this paper, we selected four biomass waste sources from Table 2 , each of them belonging to one of the four categories of biomass waste reported in Table 1 . The biomass sources chosen, with consideration of the greatest availability and LHV within the categories, were:
1. Hazelnut shells, belonging to the shell category; 2. Olive pruning, belonging to the pruning category; 3. Olive pomace, belonging to the exhausted oil; and 4. Wheat, belonging to the straw category.
The diffusion of the biomass waste under examination on Italian soil is reported in Figure 1 . Figure 1 . Diffusion of the biomass waste on Italian soil analyzed in this study [43] .
Process Modeling
For the model developed in this study, the Aspen Plus process model simulator was used. The following assumptions were considered for the simulation: Figure 1 . Diffusion of the biomass waste on Italian soil analyzed in this study [43] .
For the model developed in this study, the Aspen Plus process model simulator was used. The following assumptions were considered for the simulation:
•
The process is steady state and isothermal [48] [49] [50] • Char is 100% carbon [51] ; and • All gases behave ideally.
Equations (1)- (8) are the chemical reactions considered in this work for the gasification process [17, 26, 52] and are listed in Table 4 . The Boudouard reaction was not considered in this simulation as it does not achieve kinetic equilibrium and causes destabilization in reactor behavior [53] .
For the simulation, we analyzed two different configurations:
(1) Air was used as the only gasifying agent, and the relative Aspen Plus flowsheet is shown in Figure 2 ; (2) Steam was used as the gasifying agent, and the associate Aspen Plus flowsheet is shown in Figure 3 . The stream BIOMASS was specified as a non-conventional stream, as defined by its proximate and ultimate analysis. The BIOMASS stream goes to the RYELD reactor used to simulate the decomposition of the unconventional feed into its conventional components (carbon, hydrogen, oxygen, sulfur, nitrogen, and ash by specifying the yield distribution according to the biomass ultimate analysis in Table 3 ).
Off products from DECOMP moves in the RSTOIC block to simulate the production of HCl, NH 3 , and H 2 S , through the reactions (7) and (8), by considering the fractional conversion for H 2 S and HCl as equal to 1 and NH 3 as equal to 0.5 [54] , because, in order to have more realistic results, these components cannot be modeled with a chemical equilibrium. The resulting stream S2 moves into a separator SEP, which divides the stream into three sub-streams: volatile part VOLATILE, char part CHAR, and a stream composed of NH 3 , HCl, and H 2 S , called H 2 SNH 3 . The VOLATILE stream, after mixing with oxidizing fluid, goes in the gasifier GASIF. The CHAR stream is split into two sub-streams: S3, which represents the un-reacted char, and S4, which represents the char that reacted in the gasifier.
To simulate the gasification process in Aspen Plus, we used a RGibbs reactor, called GASIF in the flowsheets of Figures 2 and 3 , modeled with the restricted chemical equilibrium, which allowed us to describe the syngas composition more accurately than the equilibrium models.
Equations (1)- (6) of Table 4 are the chemical reactions considered in this work for the gasification process. The restricted chemical equilibrium can be obtained by choosing the calculation option "Restrict chemical equilibrium-specify temperature approach or reactions" in Aspen Plus and specifying the zero temperature approach for each reaction in the gasifier model. In this way, the RGibbs evaluates the chemical equilibrium constant for each reaction at the reactor temperature, thereby giving the equilibrium gas composition [55, 56] . In the present model, tar formation and catalyst deactivation were not taken into account. The block CYCLONE represents the simulation of gas cleaning, where solid parts are separated from gas. We only considered this step of cleaning because an engine needs gas at low temperature to have low density, so this type of cleaning is sufficient for our purposes. Therefore, the stream GAS2 goes into a cooler called COOLING in Figures 2 and 3 that represents the cooling of syngas before its entrance into the internal combustion engine, which was simulated with a gas turbine and composed of the block COMPR and the block TURBINE. At the end, the EXHAUST stream goes into a cooler UTIL to achieve the chosen utilization temperature.
The configuration presented in Figure 3 is the same as that of Figure 2 except for the utilization of steam instead of air: the stream WATER goes into the cooler, called COOLING2, which is a counter-current heat exchanger where syngas loses temperature and water is lifted up to the saturation temperature that becomes the STEAM stream. Therefore, the following Tables 5 and 6 showing the ASPEN units and the system operating conditions, are valid for the flowchart presented in Figure 2 and in Figure 3 . 
Internal Combustion Engine Simulation
The ICE was simulated as a gas turbine in this paper. The process parameters are shown in Table 7 and discussed in Section 4.7 for the reference case of hazelnut shells and olive pruning feeding. The gas turbine engine was fed with syngas at an ambient temperature (30 • C) that was compressed by up to 20 bar pressure before entering the turbine [39, 40] . Table 7 . Gas turbine's cycle operating conditions.
Process Parameters Value
Temperature, syngas (in) 30 • C Temperature, air (in, compressor) 20 • C Equivalence ratio [35] 3 Isentropic expansion coefficient 90% Isentropic compression coefficient 90% Pressure, fumes (out, turbine) 1 bar
Results and Discussion
In this simulation, we considered 1 MWth as the input size and the HHV of each of the four biomass wastes analyzed and the feed was fixed in this way: for the hazelnut shells, the input flow settled at the constant flow rate of 180 kg/h; for the olive pruning, the input flow settled at the constant flow rate of 170 kg/h; for the olive pomace, the input flow settled at the constant flow rate of 153 kg/h; and for wheat straw, it was settled at the constant flow rate of 179 kg/h.
In the first configuration with air, the gasification agent considered was at the constant flow rate of 159 kg/h at 25 • C and 1 bar.
Focusing on the syngas composition out of the gasifier, a sensitivity study was carried out by varying:
•
The gasifier operating temperature to verify the influence of gasification temperature on the syngas composition, from 785 to 870 • C, in case of air as oxidant agent;
• The ER, to analyze the system reaction changing the input flow of air by varying the equivalent ratio from 0.2 to 0.6, but keeping the gasification temperature constant at 800 • C in order to evaluate the decrease in the energy needed for the gasification reaction (thermal energy that has to be added);
The gasifier operating temperature and ER simultaneously to evaluate the LHV of the syngas and the cold gas efficiency η CG , which represents the fraction of energy in the biomass feed that can be acquired as energy from the use of the produced syngas. The cold gas efficiency was calculating using the following equation:
where M syn and M biomass are the mass of the produced syngas and the original biomass, respectively; LHV syn and LHV biomass are the LHV of the produced syngas and the original biomass, respectively.
The steam to biomass (S/B) ratio, in the configuration of Figure 3 , to study the possible improvements of the plant efficiency when more steam was delivered to the gasifier.
Syngas Composition
At the gasification temperature of 800 • C and with the input flow rate declared above, with air as the gasifying agent, the simulation was conducted in Aspen Plus, as shown in Figure 2 . The compositions of the product syngas for each biomass waste analyzed are shown in Table 8 . 
Effect of Gasification Temperature
The syngas composition, in the stream GASRAW as defined in Figure 2 , was obtained by varying the gasification temperature between 785 and 870 • C. The sensitivity analysis conducted for the hazelnut shells is shown in Figure 4a , for the olive pruning in Figure 4b , for olive pomace in Figure 4c , and for wheat in Figure 4d . • The gasifier operating temperature and ER simultaneously to evaluate the LHV of the syngas and the cold gas efficiency η , which represents the fraction of energy in the biomass feed that can be acquired as energy from the use of the produced syngas. The cold gas efficiency was calculating using the following equation:
where and are the mass of the produced syngas and the original biomass, respectively; and are the LHV of the produced syngas and the original biomass, respectively.
• The steam to biomass (S/B) ratio, in the configuration of Figure 3 , to study the possible improvements of the plant efficiency when more steam was delivered to the gasifier.
Syngas Composition
At the gasification temperature of 800 °C and with the input flow rate declared above, with air as the gasifying agent, the simulation was conducted in Aspen Plus, as shown in Figure 2 . The compositions of the product syngas for each biomass waste analyzed are shown in Tables 8. 
Effect of Gasification Temperature
The syngas composition, in the stream GASRAW as defined in Figure 2 , was obtained by varying the gasification temperature between 785 and 870 °C. The sensitivity analysis conducted for the hazelnut shells is shown in Figure 4a , for the olive pruning in Figure 4b , for olive pomace in Figure  4c , and for wheat in Figure 4d. (a) From Figure 4a -d, it can be observed that the concentrations of CO and H 2 O increased with an increase in temperature, instead the concentrations of CO 2 and CH 4 decrease with increasing in temperature. Similar trends were reported in [55] . The endothermic reactions (3) and (6) reported in Table 4 favor their forward reaction with increasing gasification temperature and will result in an increase of the concentration of CO and H 2 and a decrease of CO 2 and CH 4 . However, the decrease of CH 4 is mostly determined by the effect of steam methane reforming, which is prevalent at high temperature.
Effect of ER
The effect of ER on syngas composition was investigated. CH4 is mostly determined by the effect of steam methane reforming, which is prevalent at high temperature.
The effect of ER on syngas composition was investigated. Figure 5a -d show the trend of syngas composition by varying ER from 0.2 to 0.6 and maintaining the gasification temperature at 800 °C. The trend obtained showed good agreement with the results in the literature. With the increase in ER, the yields of CO2 and H2O increased, and the yields of H2 and CO decreased. In order to evaluate the thermodynamic balance into the gasifier, Figure 6 shows the gasifier heat required and the LHV of the syngas produced (stream GASRAW), using olive pruning as an example because the others showed a similar trend. The heat required and LHV decreased as the ER increased, as foreseen from the previous figures and from the increase in the oxidant. The LHV varied between 5 and 4 MJ/Nm 3 , while the heat demand Q varied between 257 and 185 MJ/h. In the example of olive pruning, given the similar results for the other biomass wastes, the gas yield was 1.7 Nm 3 /kg and the biomass inlet was 170 kg/h, so the variation of 1 MJ/Nm 3 of the LHV corresponded to a variation of 100 MJ/h while the Q variation was 72 MJ/h. As the LHV decreased faster than Q with the increase of the ER and a loss of LHV accounted for more than a decrease of heat demand, the optimum value was lowest at ER = 0.2, when considering the overall energy balance. Indeed, at ER = 0.2, the corresponding values of Q and LHV were the highest (260 MJ/h and 5 MJ/Nm 3 , respectively), and with an increase The trend obtained showed good agreement with the results in the literature. With the increase in ER, the yields of CO 2 and H 2 O increased, and the yields of H 2 and CO decreased. In order to evaluate the thermodynamic balance into the gasifier, Figure 6 shows the gasifier heat required and the LHV of the syngas produced (stream GASRAW), using olive pruning as an example because the others showed a similar trend. The heat required and LHV decreased as the ER increased, as foreseen from the previous figures and from the increase in the oxidant. The LHV varied between 5 and 4 MJ/Nm 3 , while the heat demand Q varied between 257 and 185 MJ/h. In the example of olive pruning, given the similar results for the other biomass wastes, the gas yield was 1.7 Nm 3 /kg and the biomass inlet was 170 kg/h, so the variation of 1 MJ/Nm 3 of the LHV corresponded to a variation of 100 MJ/h while the Q variation was 72 MJ/h. As the LHV decreased faster than Q with the increase of the ER and a loss of LHV accounted for more than a decrease of heat demand, the optimum value was lowest at ER = 0.2, when considering the overall energy balance. Indeed, at ER = 0.2, the corresponding values of Q and LHV were the highest (260 MJ/h and 5 MJ/Nm 3 , respectively), and with an increase in the ER, there was a decrease in efficiency given that the lower LHV was not compensated for by the decrease in the heat demand.
Energies 2019, 12, 688 13 of 21 in the ER, there was a decrease in efficiency given that the lower LHV was not compensated for by the decrease in the heat demand. 
Cold Gas Efficiency and LHV vs. Gasification Temperature and ER
In Figure 7a -d, it can be seen that the value of the cold gas efficiency, named CGEFF, and the LHV (MJ/Nm 3 ) on the y-axis, was obtained by varying the gasifier temperature corresponding to the parametric curves representing the ER. 
In Figure 7a -d, it can be seen that the value of the cold gas efficiency, named CGEFF, and the LHV (MJ/Nm 3 ) on the y-axis, was obtained by varying the gasifier temperature corresponding to the parametric curves representing the ER. As shown in Figure 7a -d, the cold gas efficiency and the LHV decreased as the ER increased; according to Figure 6 , they showed increasing behavior as the temperature rose, so higher values of ER are not useful because the lower value of LHV means that lower heat can be generated through gas combustion, which leads to lower net power from the turbines. The best combination of LHV and cold gas efficiency for each biomass waste was: However, the necessary ER calculated for the total combustion considered an excess of air of 10%, which was equal to 0.27. Therefore, the best values of LHV and cold gas efficiency obtained by moving the parametric line representing ER = 0.27 in Figure 7a 
Effect of Steam to Biomass (S/B) Ratio
Considering the configuration shown in Figure 3 where the oxidant was only steam, a sensitivity analysis was carried out by varying the S/B parameter between 0.2 to 1.35. The S/B ratio is important As shown in Figure 7a -d, the cold gas efficiency and the LHV decreased as the ER increased; according to Figure 6 , they showed increasing behavior as the temperature rose, so higher values of ER are not useful because the lower value of LHV means that lower heat can be generated through gas combustion, which leads to lower net power from the turbines. The best combination of LHV and cold gas efficiency for each biomass waste was: However, the necessary ER calculated for the total combustion considered an excess of air of 10%, which was equal to 0.27. Therefore, the best values of LHV and cold gas efficiency obtained by moving the parametric line representing ER = 0.27 in Figure 7a 
Considering the configuration shown in Figure 3 where the oxidant was only steam, a sensitivity analysis was carried out by varying the S/B parameter between 0.2 to 1.35. The S/B ratio is important to identify the quantitative effects of the addition of steam on the performance of the gasifier. It was observed that the concentration of H 2 increased with the increasing S/B ratio until it reached a maximum; then the concentration decreased. The hydrogen peak was almost at the beginning, which was due to the absence of air and the use of a variable external source of heat. In particular, Figure 8 shows that there was a lower regime of steam to biomass in order to reduce the heat demand, which, as shown in Figure 8 , increased with the increase of S/B.
In order to evaluate the thermodynamic balance into the gasifier, Figure 9 shows the gasifier heat required and the LHV of the syngas produced (stream GASRAW). This has been shown only for the example of hazelnut shells as the other sources showed a similar trend. The heat required Q and LHV increased as the S/B increased, as foreseen from the previous figures and from the increase in the oxidant. The LHV varied between 6.5 and 9 MJ/Nm 3 while the heat demand Q varied between 550 and 1550 MJ/h. In the case of the hazelnut shells, which was similar to that of the other waste sources, the gas yield was 1.56 Nm 3 /kg and the biomass inlet was 180 kg/h, so the variation of 1 MJ/Nm 3 of the LHV corresponded to a variation of 350 MJ/h. Moreover, as shown in Figure 9 , the curve representing the LHV had a higher slope and was always stronger with respect to the heat demand Q. For this reason, the optimum had the lowest value of S/B after the intersection point of the two curves. Considering the overall energy balance, a good value of S/B could be 0.2. However, as S/B increased, the LHV also increased. Therefore, each time, a careful evaluation is needed in order to determine the aim of the research. If, for example, the goal was to improve the H 2 production or the increment of the LHV value, great heat required for the gasifier could be accepted. It was observed that the concentration of H2 increased with the increasing S/B ratio until it reached a maximum; then the concentration decreased. The hydrogen peak was almost at the beginning, which was due to the absence of air and the use of a variable external source of heat. In particular, Figure 8 shows that there was a lower regime of steam to biomass in order to reduce the heat demand, which, as shown in Figure 8 , increased with the increase of S/B.
In order to evaluate the thermodynamic balance into the gasifier, Figure 9 shows the gasifier heat required and the LHV of the syngas produced (stream GASRAW). This has been shown only for the example of hazelnut shells as the other sources showed a similar trend. The heat required Q and LHV increased as the S/B increased, as foreseen from the previous figures and from the increase in the oxidant. The LHV varied between 6.5 and 9 MJ/Nm 3 while the heat demand Q varied between 550 and 1550 MJ/h. In the case of the hazelnut shells, which was similar to that of the other waste sources, the gas yield was 1.56 Nm 3 /kg and the biomass inlet was 180 kg/h, so the variation of 1 MJ/Nm 3 of the LHV corresponded to a variation of 350 MJ/h. Moreover, as shown in Figure 9 , the curve representing the LHV had a higher slope and was always stronger with respect to the heat demand Q. For this reason, the optimum had the lowest value of S/B after the intersection point of the two curves. Considering the overall energy balance, a good value of S/B could be 0.2. However, as S/B increased, the LHV also increased. Therefore, each time, a careful evaluation is needed in order to determine the aim of the research. If, for example, the goal was to improve the H2 production or the increment of the LHV value, great heat required for the gasifier could be accepted. 
Cold Gas Efficiency and LHV vs. Gasifier Temperature and S/B
Referring to the configuration shown in Figure 3 where the gasifying agent is steam, the values of the cold gas efficiency and the LHV obtained by varying the gasifier temperature corresponding to the parametric curves representing the S/B are shown in Figure 10a 
Referring to the configuration shown in Figure 3 where the gasifying agent is steam, the values of the cold gas efficiency and the LHV obtained by varying the gasifier temperature corresponding to the parametric curves representing the S/B are shown in Figure 10a- It was observed that the concentration of H2 increased with the increasing S/B ratio until it reached a maximum; then the concentration decreased. The hydrogen peak was almost at the beginning, which was due to the absence of air and the use of a variable external source of heat. In particular, Figure 8 shows that there was a lower regime of steam to biomass in order to reduce the heat demand, which, as shown in Figure 8 , increased with the increase of S/B.
Referring to the configuration shown in Figure 3 where the gasifying agent is steam, the values of the cold gas efficiency and the LHV obtained by varying the gasifier temperature corresponding to the parametric curves representing the S/B are shown in Figure 10a Considering that the simulation was conducted assuming that S/B = 0.33 and that the increase of S/B means an increase of the heat required, we chose to stay with a low value of steam to biomass. 
Internal Combustion Engine Performance
As a result of the consideration explained in Sections 4.4 and 4.6 by taking into account the highest value of LHV and cold gas efficiency, we chose to analyze the ICE behavior using the example of olive pruning for the configuration of air gasification and the example of hazelnut shells for the configuration of steam gasification. For the two cases under observation, the following Table 9 quotes the electrical efficiency and the cogeneration efficiency, by bringing the exhaust fumes at the utilization temperature of 80 • C and a pressure drop in the turbine of 10 kPa.
The cogeneration efficiency is defined as follows:
where N TURB is the effective electrical power of the turbine, Q EXCH is the heat of the exchangers, Q EX is the heat produced to bring the exhausted fumes to 80 • C, LHV BIOM is the lower heat value of the biomass, M BIOM is the mass of the biomass and Q INPUT is the heat associate to the Gibbs reactor. The electrical efficiency is defined as: 
Conclusions
An Aspen Plus model was developed for the gasification of biomass waste and for power generation from syngas. The most available biomass wastes on Italian soil were investigated to select those most suitable for the gasification process. The main parameters governing the gasification process of biomass waste in a bubbling fluidized bed gasifier using air and steam as the oxidizing agents were discussed. The effect of gasification temperature, ER, and S/B ratio was analyzed and the results showed that it was more useful to work at high temperature, low ER, and with a S/B of around 0.33. The value of the cold gas efficiency and the LHV achieved for each biomass waste in different configurations and operative conditions were studied. The best syngas compositions to feed the ICE were:
•
In the case of air gasification with olive pruning and an ER = 0.27, it had 26% electrical efficiency, 46.5% cold gas efficiency, and 41% cogeneration global efficiency; • In the case of steam gasification with hazelnut shells and a S/B = 0.33, it had 30% electrical efficiency, 58% cold gas efficiency, and 64% cogeneration global efficiency.
These results confirm that the gasifier/ICE is an attractive technique when considering the environmental benefits and the electrical efficiency obtained. 
